A simulation study to understand the influence of topography on the surface emissivity observed by a satellite microwave radiometer is carried out. We analyze the effects due to changes in observation angle, including the rotation of the polarization plane. A mountainous area in the Alps (Northern Italy) is considered and the information on the relief extracted from a digital elevation model is exploited. The numerical simulation refers to a radiometric image, acquired by a conically-scanning radiometer similar to AMSR-E, i.e., flying at 705 km of altitude with an observation angle of 55°. To single out the impact on surface emissivity, scattering of the radiation due to the atmosphere or neighboring elevated surfaces is not considered. C and X bands, for which atmospheric effects are negligible, and Ka band are analyzed. The results indicate that the changes in the local observation angle tend to lower the apparent emissivity of a radiometric pixel with respect to the corresponding flat surface characteristics. The effect of the rotation of the polarization plane enlarges (vertical polarization), or attenuates (horizontal polarization) this decrease. By doing some simplifying assumptions for the radiometer antenna, the conclusion is that the microwave emissivity at vertical polarization is underestimated, whilst the opposite occurs for horizontal polarization, except for Ka band, for which both under-and overprediction may occur. A quantification of the differences with respect to a flat soil and an approximate evaluation of their impact on soil moisture retrieval are yielded.
Introduction
Spaceborne microwave radiometric observations of land are mainly determined by surface emissivity and temperature, especially at frequencies where the atmosphere is more transparent. If bare soil is considered, its emissivity at a given frequency depends on moisture, which influences the dielectric permittivity of a smooth surface [1] , surface geometry (at wavelength scale i.e., roughness, and at resolution scale, i.e., topography) and, to a less extent, on composition and density. Over mountainous areas, which represent important targets within Earth remote sensing from satellites, especially for hydrological purposes, the relief effects must be carefully taken into account [2] . Moreover, at microwave frequencies, the highly inhomogeneous features of the mountainous scenario should be compared with the relatively large antenna footprints.
Large-scale relief effects on the upwelling brightness temperature (T B ) measured by a spaceborne radiometer are [2] [3] : i) modification of the atmospheric contributions due to their dependence on the altitude of the emitting surface; ii) shadowing of the downwelling atmospheric radiation; iii) local modification of the observation angle with respect to a flat terrain, which may cause shadowing of the upwelling surface radiation; iv) rotation of the linear polarization plane. These effects imply an overall change of the apparent emissivity with respect to the surface characteristics that can affect the retrieval of bio-geophysical parameters, such as soil moisture.
The topography effects for microwave radiometry over land have been analyzed in a past investigation carried out by Mätzler and Standley [2] . They underlined that a weak attention was paid to this aspect before the publication of their study. However, they focused on one of the effects, i.e., the shadowing of sky radiation by the surrounding elevated terrain. According to their conclusions, a pixel illuminated by the radiation coming from neighbors located at higher altitude, increases its T B with respect to a pixel which scatters atmospheric downward radiation only. The impact of the relief has been also considered in a brief report by Kerr et al. [3] and, recently, by Talone et al. [4] . Both studies concern the L band SMOS instrument using aperture synthesis. In [3] , the level of topography influencing the radiometric signal is assessed. In [4] , the relief has been accounted for in a SMOS End-to-End performance simulator, leading to a quantification of the variation of the local observation angle up to 55°, and to a warning on its possible impact.
The main objective of this study is the quantification of the effects of changes in local observation angle on the emitted component of the radiation measured by a satellite microwave radiometer observing a mountainous scene. In addition, we also aim at yielding an approximate evaluation of the impact of these effects on soil moisture retrieval. The interest in pursuing these goals is due to the fact that most of the algorithms developed to retrieve bio-geophysical parameters (such as soil moisture) assume that the Earth surface is flat, so that their applicability to mountainous areas may be questioned. A quantification of the relief effects on microwave radiometry is therefore useful for preliminary correcting radiometric data before applying retrieval algorithms tuned for flat terrains.
Here we focus on the modification of the local observation angle and the rotation of the plane of linear polarization, thus complementing the investigation accomplished in [2] for a complete analysis of the various effects of the large-scale surface geometry. For this purpose, we have exploited semiempirical models for rough bare soil [5] [6] , a digital elevation model (DEM) of an Alpine region in Italy, and some simplifying assumptions concerning the radiometer antenna and its conical scanning (as in [2] ) to simulate the T B observed by an imaging radiometer. We have considered the Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E), i.e., an instrument flying at 705 km of altitude with an observation angle of 55° [7] . Focusing on the emitted component of upwelling T B , reflection of the radiation due to the atmosphere or neighboring elevated surfaces (already treated in [2] ) is not taken into account here. Our analysis starts from low frequencies (in particular, C and X bands, i.e., 6.925 and 10.65 GHz) for which, in the absence of rain, atmospheric effects can be neglected [8] . However, since at these frequencies the poor spatial resolution tends to smooth relief effects on surface emission, the latter are discussed for Ka band (36.5 GHz) too.
The work is organized as follows. Section 2 describes the simulation methodology, i.e., the procedure that we have adopted to compute the emissivity of each DEM point at the three AMSR-E frequency bands considered here and to simulate the radiometric observation. In section 3, the comparison between the synthetic T B 's obtained from the simulated image of the mountainous scene and those relative to a flat bare soil having the same characteristics (roughness, moisture, composition, etc.) is discussed. Section 4 draws the main conclusions.
Simulation Methodology
To simulate the radiometric observation of a mountainous area, we have firstly computed the local observation angle of each surface element of the DEM. Then, we have estimated the emissivity toward the satellite radiometer of a DEM element. To do this, we have selected two semi-empirical models that allow calculating the microwave surface emissivity as a function of the local observation angle and of the soil roughness parameters. Finally, the observation of the satellite radiometer has been simulated by assuming specific measurement geometry. For this purpose, we have evaluated the elements of the DEM comprised in the instantaneous field of view of the radiometer antenna and then we have estimated the antenna temperature. Hereafter, a description of the simulation methodology is given in detail.
Computation of the emissivity
We have focused our analysis on a mountainous area in the Alps (Northern Italy) and we have derived the topography from a DEM with a spatial resolution of 250×250 m. A matrix of 512×512 points, i.e., an area of 128×128 km has been considered. For each DEM element, the aspect and the slope angles have been extracted and the local surface normal has been determined. Then, the angle between the local surface normal and the radiometer pointing direction, i.e., the local observation angle θ l , has been computed.
The electromagnetic models of the complex dielectric permittivity ε proposed by Dobson et al. [1] , for C and X bands, and by Calvet et al. [9] , for Ka band, have been adopted. Note that the former is valid within the 1.4 to 18 GHz region, whilst the latter is suitable for higher frequencies. We have computed ε for a terrain characterized by fairly standard values of volumetric moisture (0.30), dry soil density (1.3 g/m 3 ) and soil temperature (296 K). The fractions of sand and clay have been assumed equal to 48.5% and 18.5%, respectively. To calculate the surface emissivity, we have selected the model developed by Wegmüller and Mätzler [5] (hereafter denoted by WM model), since it is characterized by a wide range of applicability, both for frequencies and observation angles. A different model, derived from the measurements performed at the "Institut National de la Recherche Agronomique" (INRA) [6] (hereafter INRA model) and suitable for high frequencies, has been also used for the 36.5 GHz band. Bare terrains characterized by standard deviations of height (s) equal to 0.89 and 1.91 cm have been considered, as done in [6] .
According to [5] , the p-polarized emissivity of the soil (e p ), where p may be H (horizontal) or V (vertical) is given by: (1), (1−e 0H ) denotes specular reflectivity (one minus emissivity) at H polarization and θ l indicates the local observation angle.
The INRA model expresses the soil emissivity as [6] :
In equation (2), p and q stand for either V or H polarization and Q, h and N are parameters depending on the type of terrain and on frequency. As suggested in [6] , at Ka band, Q, h and N have been assumed equal to 0.33, 0.15 and 0.0, respectively, for s=0.89 cm and to 0.45, 0.62 and 0.5, respectively, for s=1.91 cm. Figure 1 shows the trend of the emissivity versus the observation angle, as predicted by the two models. It can be noted that the emissivity foreseen by the INRA model for the 36 GHz band is smaller than the emissivity predicted by the WM model (at the same frequency). The former presents a higher sensitivity to the observation angle, with a sharper decrease in correspondence to higher angles. Furthermore, for s=0.89 cm, the appearance of the Brewster effect can be observed for the INRA model. We point out that the consideration of two emissivity models, presenting different sensitivities to the observation angle, aims at assessing the generality of the results. A comparison of these models or their validation is beyond the scope of this study. The emissivity of each element of the DEM, as a function the local observation angle, has been firstly calculated by applying equations (1) and (2). Then, we have determined the angle between the polarization basis vectors in the global coordinate system (related to the direction of observation) and in the local coordinate system (related to the surface element), that is the rotation angle of the polarization plane α (see [10] for details). The emissivity in the global frame is expressed by [2] :
This rotation causes a decrease of the emissivity at V polarization and an increase at H polarization, i.e., a change in the observed polarization.
Simulation of a radiometric observation
We have simulated the radiometric image for three frequency bands: 6.925, 10.65 and 36.5 GHz. A conically-scanning sensor observing the Earth at θ =55°, from an altitude R=705 km and with a track from North to South along the central column of the DEM matrix has been assumed. A pixel spacing of 10×10 km has been supposed, with the following spatial resolutions: 75×43, 51×29 and 15×8 km for the, 6-, 10-, and 36-GHz bands, respectively [7] . The upper panel of Figure 2 shows the simulation of the scan at 36 GHz. Note that in the area that we have considered for this exercise (128×128 km) 11 (in the direction of the radiometer track) by 13 radiometric pixels are included. Obviously, for the lower frequencies, this number is smaller. We have determined the elements of the DEM comprised in every radiometric pixel, i.e., in the instantaneous field of view (IFOV) of the radiometer antenna, in a fairly approximate way. Denoting by σ x and σ y the semiaxes of the ellipse representing the radiometric IFOV, by m x and m y the coordinates of the IFOV center, and by γ the azimuthal step of the sensor scan ( Figure 2, upper panel) , an element of the DEM, whose central points coordinates are (x,y), is contained in the elliptic IFOV if the following inequality is satisfied: 
Once the number N of DEM elements included in a given elliptic IFOV has been identified, the antenna temperature must be computed. For this purpose, some simplifying assumptions about the radiometer antenna have been done. We have supposed that the antenna is characterized by major lobe efficiency η ml equal to 1 and by a constant directivity D within the major lobe. A constant distance R between the radiometer and every facet of the DEM has been assumed. Let us observe Figure 2 , lower panel. The area A of a DEM element refers to a projection on the horizontal plane, whereas the actual area of a tilted facet is given by (A/cosβ i ), where β i is the slope angle of the i-th element of the DEM, whose local angle is θ li . Therefore, indicating by T Bi the brightness temperature of the element (i.e., the emissivity multiplied by the surface temperature, assumed equal to 296 K in this exercise), the antenna temperature T A , equal to the major lobe temperature with the above simplifications, can be expressed by: where Ω i is the solid angle under which the i-th facet is observed by the radiometer, which is equal to (Acos θ li /R 2 cosβ i ) [2] . According to equation (5) , the antenna temperature is given by the average of the brightness temperatures of the surface facets included in the antenna IFOV weighted by the ratio between the cosines of the local and the slope angles.
Results
The histogram of the normalized occurrences (NO) of the local observation angle in the considered Alpine region is shown in the upper panel of Figure 3 . It can be observed that the distribution is fairly spread and that some occurrences at -10° are present. The latter actually correspond to angles greater than 90° that are not visible by the radiometer. The facets of the DEM with θ l >90° do not contribute to the upwelling T B . It is worth mentioning that the mean value of the visible local angles is 56.4°, greater than the nominal one (55°).
The histograms of the emissivity at 6.925 GHz for a bare soil with s=0.89 cm, computed by applying the WM model and equation (3) , are shown in the central and bottom panels of Figure 3 for H and V polarizations, respectively. It can be noted that the histogram for V polarization is narrower than the histogram for H polarization. This is due to the less sensitivity to the observation angle presented by the former (Figure 1, left panel) . The analysis of the results of our simulation is based on the comparison between the antenna temperature expressed by equation (5) and the signal due to the emission of a flat terrain having the same characteristics. This signal is given by the emissivity computed by substituting the radiometer nominal observation angle (55°) instead of θ l in equations (1) and (2), multiplied by the soil temperature (296 K). The objective of this comparison is the quantification of the errors, due to the emitted component of the observed radiation, caused by the modification of the local observation angle. As mentioned, we start from C and X bands since they are not affected by the atmosphere.
C and X bands
For C and X bands, only the WM emissivity model has been used. Figure 4 suggests that T V and PI are always underestimated, whilst the opposite occurs for T H . The maximum decrease of T V is equal to 3.79 K and the maximum rise of T H is 5.10 K (Table 1) . To explain these results, we have to consider that three factors contribute to the variation of T A with respect to that measured over a flat terrain [see equation (5)]: i) the dependence of T Bi on the local angle θ li ; ii) the dependence of Ω i on the weighting quantity (cosθ li /cosβ i ); iii) the rotation of the polarization plane. We can analyze these factors separately.
The modification of the local observation angle tends to lower the emissivity, especially at H polarization, which, as previously underlined, is more sensitive to this parameter. By neglecting both depolarization and weighting, the mean values of ΔT H and ΔT V at C band would be in the order of −6 K and −4 K, respectively, instead of 4.16 K and −3.31 K (Table 1 ). This is due to the presence within the antenna footprint of facets with large θ li whose impact is fairly strong, because of the decrease of the emissivity with the rise of the observation angle (Figure 1, left panel) . Furthermore, some facets are not visible by the radiometer, as previously pointed out.
Regarding the impact of the beam weighting, due to the presence of the term (cosθ li /cosβ i ) in equation (5), for a flat terrain we would have cosθ li =cos(55°) and cosβ i =1 for all the elements of the DEM, so that equation (5) would reduce to a simple average of T Bi 's over the number of facets within the IFOV. For a mountainous scene, the weighting gives rise to an increase of T A with respect to a simple average. This is due to the fact that the facets with the highest emissivity are those whose θ li is small (Figure 1, left panel) , i.e., the surfaces that are almost orthogonal to the radiometer direction of observation (Figure 2, lower panel) . Since for these facets (cosθ li /cosβ i ) is high, they appear to the radiometer under a large solid angle Ω i [see equation (5)]. In other words, the facets that weight most in equation (5) are those characterized by high T Bi , thus implying an overall increase of T A . This increase is more evident for T H , being smaller than T V . Finally, the rotation of the polarization plane produces a coupling between the vertically and horizontally polarized emissivities [see equation (3) ] that implies a rise of T H and a lowering of T V .
We can now explain the results of Figure 4 and Table 1 . The decrease of the emission of a radiometric pixel due to the change in the local angle is contrasted by the beam weighting (especially for H polarization), whilst the rotation of the polarization plane may enlarge (V polarization) or attenuate (H polarization) the lowering of T A . Consequently, T V and PI are always underestimated and T H is overpredicted.
The differences (bias as well as standard deviation) quantified in Table 1 may affect the retrieval of bio-geophysical parameters, such as soil moisture, based on inversion algorithms tuned for flat terrains. To give an evaluation of the impact of these errors on estimates of soil moisture content (SMC), we have carried out a simple inversion of the forward model in which all the characteristics of the terrain specified at the beginning of Section 2 (standard deviation of height, dry soil density, fractions of sand and clay, etc.) are supposed known except SMC. Moreover, an angle of 55° (i.e., the radiometer nominal observation angle) is assumed. From the C band emissivities at H polarization (e H ) computed with our simulation procedure (i.e., the T H 's divided by 296 K), we have determined the corresponding specular emissivities e 0H through equation (1a). Then, we have inverted the Fresnel equation to calculate the dielectric constant of the k-th radiometric pixel ε as done in [7] Figure 5 . The SMC values have to be compared with 0.3, which, as mentioned at the beginning of Section 2, is the nominal SMC for which the simulation has been accomplished. It can be inferred that neglecting the modification of the observation angle (i.e., considering a constant angle of 55°) leads to an underestimation of SMC, due to the overestimation of e H . The mean value of the retrieved SMC is 0.24. The results for X band, s=0.89 cm, are quantified in Table 2 . The dynamic range and the standard deviation are slightly larger with respect to C band because of the higher spatial resolution of the X band radiometric pixel that reduces the smoothing effect due to antenna beamwidth integration.
By observing left and central panels of Figure 1 , it can be noted that the sensitivity of the emissivity to the observation angle is fairly similar, so that the results achieved for s=0.89 cm do not substantially change for s=1.91 cm and the explanation yielded above on the effects of the three factors on T A still applies. The mean values of ΔT H , ΔT V and ΔPI obtained for the latter case are reported in Table 3 . The magnitude of the biases is slightly smaller with respect to the case of a less rough terrain. Figure 6 is the analogous to Figure 4 , but for the 36.5 GHz band (WM model, s=0.89 cm). First of all, it is understood that, in this case, actual measurements at Ka band are affected by the atmosphere. Limiting ourselves to the emission term, the analysis of Ka band allows us to better single out the topography effect and its dependence on local observation angle, since the smoothing effect of the low-resolution radiometric pixel noted for C and X bands is reduced. The general overestimation of T H and underprediction of T V and PI are confirmed. The clearest differences with respect to C band are represented by the increase of the correlation between T A and θ m , by the widening of the range of θ m and by the increase of both the dynamics and the standard deviation of T A . Furthermore, some situations in which T H is underpredicted and few cases (small θ m , in the order of 50°) in which T V is slightly greater than T Vflat occur. Table 4 quantifies the result shown in Figure 6 . The maximum decrease of T V is equal to −7.70 K and the maximum rise of T H is 5.83 K. It is worth mentioning that, neglecting depolarization and weighting, the mean values of ΔT H and ΔT V at Ka band would be in the order of −7 K and −5 K and that the decrease of T H would reach −16.5 K. Again, beam weighting and rotation of the polarization plane cause an effect that contrasts this lowering of T H . However, for largest θ m 's the effect of the local angle prevails and T H < T Hflat . It must be considered that the results that we have obtained so far depend on the sensitivity of the emissivity to the observation angle as predicted by the WM model. It is interesting to verify whether the use of another model, characterized by a different trend emissivity-observation angle, leads to different results. We have applied our procedure, for the 36 GHz band, by adopting the INRA model too, whose behavior, especially for s=0.89 cm, V polarization, is fairly different with respect to the WM one (Figure 1) . The result is presented in Figure 7 and quantified in Table 5 . The general overprediction of T H and the underestimation of T V and PI are confirmed and enlarged using the INRA model. This enlargement can be explained by considering that, on one hand, the high sensitivity to the observation angle presented by the INRA model ( Figure 1, right panel) causes a larger lowering of T A (for high θ li 's, greater than the Brewster angle, at V polarization) if the effect of the modification of the observation angle is singled out (i.e., neglecting depolarization and beam weighting). On the other hand, the considerable difference between the emissivities at V and H polarizations occurring for s =0.89 cm (Figure 1, right panel) , amplifies the effect of the rotation of the polarization plane. The coupling of the polarizations yields therefore a strong increase of T H and a large lowering of T V . Moreover, for V polarization the facets producing the highest emission are observed under the Brewster angle and their weighting quantity (cosθ li /cosβ i ) is fairly low, thus limiting the effect of the beam weighting. The overall result is that T H is largely overestimated (the maximum increase with respect to T Hflat is 9.28 K) and both T V and PI are considerably underpredicted (the decreases reach 12.51 K and 50.23×10 -3 , respectively). With respect to Figure 6 , it can be noted a lower correlation between T V and θ m due to the Brewster angle effect, which implies that the emissivity at V polarization does not monotonically decrease with the observation angle ( Figure 1, right panel) . The mean values of ΔT H , ΔT V and ΔPI for the case of Ka band, s=1.91 cm are reported in Table 6 (both models). The magnitude of the biases is smaller with respect to the case of s=0.89 cm. This is particularly evident for the INRA model. As for H polarization, the smaller difference with respect to the emissivity at V polarization, due to the increase of roughness, limits the increase of T H caused by the rotation of the polarization plane. At V polarization, the increase of roughness implies the disappearance of the Brewster effect, so that the facets with the highest emissivity present a small θ li (Figure 1, right panel) and a large weighting quantity (cosθ li /cosβ i ). In other words, the beam weighting effect is not limited, as conversely occurs for s=0.89 cm (INRA model). The purpose is to show that situations which may be critical for our results, in which the relief causes an overestimation of T H using one model and an underprediction adopting the other, occur for only few cases (red points in Figure 8 ). It is worth noting that although for s=0.89 cm the correlation between ΔT V 's is small, the percentage of red points is 5% only. The maximum value of this percentage is 12% (s=0.89 cm, H polarization). We can therefore conclude this discussion on Ka band affirming that, despite the different sensitivities to the observation angle predicted by WM and INRA models, the results that we have achieved can be considered fairly general. What changes is only the magnitude of under-or overestimation, which is model dependent, as expected.
Ka band

Conclusions
A simulation study aiming at quantifying the effects of changes in local observation angle on satellite microwave radiometric observations of a mountainous scene has been presented. A conicallyscanning spaceborne radiometer similar to AMSR-E has been assumed. C and X bands, not affected by the atmosphere, as well as Ka band have been analyzed. Only the surface emissivity has been considered in this study that complements the investigation carried out in [2] , which mainly concerned the scattered component of the upwelling signal. Our results should therefore be combined with those achieved in [2] .
We have found that the changes tend to decrease the upward emissivity towards the sensor. This decrease is contrasted, for horizontal polarization and amplified, for vertical polarization, by the rotation of the plane of linear polarization. Accounting for the beam weighting performed by the radiometer antenna too, we have found that the brightness temperature at vertical polarization and the polarization index are underestimated with respect to the measurements over a flat terrain. The opposite generally occurs for horizontal polarization, although, at Ka band, we have found some situations in which the average observation angle within a radiometric pixel θ m is very large, so that the effect of the change of the local observation angle prevails on those due to rotation of the polarization plane and beam weighting. To evaluate how these differences affect the retrieval of a biogeophysical parameter a simple exercise, consisting of the inversion of the forward model to retrieve soil moisture, has been accomplished for C band. A general underestimation of this parameter has been found.
